This article discusses the dose to the operator and radiation protection in computed tomographic fluoroscopy (CTF)-guided intervention. One of the major limitations of CTF is excessive radiation exposure to the operator, in particular, to his or her hands. Therefore, we developed biopsy needle-holders that permit the operator to manipulate the needle without placing his or her hands in the direct X-ray beam and evaluated the effects of using a needle-holder on dose reduction. We also measured the exposure dose to the operator's body and evaluated the effects of using protective clothing on dose reduction. Imaging parameters were a tube voltage of 80 kVp and a tube current of 30 mA. The dose-equivalent rates for the operator's hands and entire body were 1 .150 mSv/s (H70m) and 1 .60 pSv/s, respectively. When a needle-holder and protective clothing were used, the corresponding values were 0.019 mSv/s and 0.052 .tSv/s. The use of a needle-holder and protective clothing is considered to be indispensable in performing nonvascular interventional radiology procedures under CTF guidance. It was confirmed that the exposure dose did not exceed the dose limit specified by the 1990 recommendation of the International Commission on Radiological Protection when adequate protective measures were taken.
tional CT cannot permit imaging during the actual procedure. It is only possible to confirm the results of biopsy after the fact, and the procedure itself must still be performed "blind." This lack of realtime capabilities has been a major limitation in conventional CT-guided procedures.'l To overcome this limitation, in 1993, al.16J8 developed CT fluoroscopy (CTF) and conducted preliminary clinical studies. CTF permits CT images to be reconstructed and displayed with a reconstruction time of 0.17 seconds and a temporal resolution of 6 images per second, using a fast arithmetic unit and a partial reconstruction algorithm. As in ultrasonography, tomographic images can be observed in real time as an animated sequence. CT fluoroscopy differs from conventional cine display of CT images with regard to real-time capabilities. Under CTF guidance, the biopsy needle can be advanced to the lesion while the puncturing direction and route are observed in real time on the display screen. This makes it much easier to compensate for movement of the target lesion during the procedure, so biopsy can be performed more easily and accurately compared with conventional CT-guided biopsy techniques. Thus, CTF makes it possible to perform biopsy at any desired region, and no special training or techniques are required. Moreover, CTFguided biopsy is possible in lesions that are difficult to evaluate using ultrasonography (e.g., due to the presence of gas or bone) or impossible to visualize by X-ray fluoroscopy.
One of the major problems of CTF, however, is excessive radiation exposure to the operator, in particular, to his or her hands, because various operations are performed within the direct X-ray beam when the interventional devices are manipulated manually.14 To overcome this problem, we devised biopsy needle-holders that permit the operator to manipulate the needle without placing his or her hands directly in the X-ray beam and applied them to clinical use.2° In this article, we evaluated the effects of using a needle-holder and radiation reductive gloves on the operator's hand dose reduction. We also measured the dose to the operator's body without and with X-ray protective clothes (goggles and aprons) and determined appropriate procedure times to ensure exposure within the annual effective dose equivalent limits recommended by the ICRP.2'
MATERIALS AND METHODS

CT SYSTEM
CT images were acquired using a high-speed continuous-rotation CT scanner (Xpress/SX, Toshiba Corporation, Tokyo). Imaging parameters 168 were an X-ray beam width of 1 cm, a tube voltage of SEMINARS IN INTERVENTIONAL RADIOLOGY VOLUME 16, NUMBER 3 1999 80 kV, a tube current of 30 mA, and a scanning speed of 1 second per rotation (360 degrees). These parameters were usually employed for transthoracic needle biopsy procedures, and were estimated to correspond to an aluminum half-value layer of 3.45 mm and an effective energy of 35 keV. The obtained raw data are sent to a parallel processor through a fast transmission unit, and reconstructed images are sequentially processed at the same time for display on the monitor. As imaging continues, only changes in the measured data are transferred and calculated, and are then superimposed on the previous results. In this image reconstruction technique (partial reconstruction algorithm), images can be obtained by reconstructing acquired data for a single rotation every 1/6 rotation once data for a full rotation have been acquired. The first complete image can therefore be displayed 1.17 seconds after scanning is started, and, thereafter, images are displayed at a rate of 6 per second at intervals of 0.17 seconds.
The irradiation time for each measurement was 10 seconds for the hands and 100 seconds for the body, and the dose was measured three times. The measured dose was averaged, and then divided by the exposure time (seconds) and converted to dose per second.
MEASUREMENT OF THE DOSE AT THE OPERATOR'S HANDS Thermoluminescent dosimeters (TLDs) (X/yray ATL ring RP type for environmental use, Chiyoda Technology, Tokyo, Japan) were used to measure radiation exposure to the operator's hands.
Chiyoda Technology conducted the TLD measurements and converted the results to 70jim dose equivalent for the skin at our request.
The needle holders are designed so that the needle is held perpendicular to the tip of the holder using a screw or a spring. All parts except for the spring are made of acrylic resin to minimize artifacts. Figure 1 shows a needle-holder A specifically designed for a modified Menghini needle (Seiko, Tochigi, Japan), measuring 115 X 95 X 30 mm. In this design, the needle is mounted at the tip of the holder with a screw clamp. Opposite the needle clamp is a grip that is parallel to the biopsy needle, giving the holder an overall L-shaped appearance. When the operator holds this grip and positions the needle within the direct beam in the fluoroscopic field, his or her hands should be 4 cm away from the beam. Figure 2 shows a needle-holder B for general use, measuring 108 X 18 X 18 mm. The needle is mounted at the tip of the holder with a screw clamp, and the operator holds the needle-holder 4 cm away from the beam. In both of the needle-holders described above, the needle is mounted with a screw clamp, which makes it rather troublesome to mount the needle to the holder. We have further modified these designs to permit the needle to be mounted with a strong spring, measuring 130 X 60 X 30 mm (needle-holder C: Fig. 3) . Therefore, the locations of the operator's hands with and without the use of a needle-holder were estimated and dose wa.s ineasured three times at two locations: within the direct beam and at 4 cm away from the direct beam, 1.5 cm above the surfuce of a 32-cm-diameter CT body phantom (PP-12T; Capintec inc., Ramsey, NJ).
In this study, protective gloves with a lead equivalent of 0.03 mm (Acufex Fluoro-Shield Radi- SEMINARS IN INTF.RVENT1ONAL RADIOLOGY VOLUME 16, NUMBER 3 1999 ation Reduction Gloves; Acufex Microsurgical, Inc., Mansfield, MA) were also used to measure the effects of dose reduction (Fig. 4) .
Based on this result, the permissible examination time was calculated to comply with the recommended annual tissue effective dose equivalent limit of 500 mSv specified by the 1990 ICRP recommendation. MEtS&REMENT Japanese laws. Based on this result, the permissible examination time was calculated to comply with the recommended annual effective dose equivalent limit of 51) inSv specified by the 1990 ICRP recommendaiion.
In exposure dose measurements, it was assumed that the operator would be standing near the CT system (50 cm from the central beam). Under these conditions, the heights of the operator's eyes, neck, chest, and abdomen were 49 cm, 38 cm, 28 cm, and 13 cm, respectively, relative to the center of rotation of the CT system, and the corresponding distances were 35 cm, 48 cm, 50 cm, and 50 cm, respectively. The protective goggles with a lead equivalent of 0.1 mm (Toray Panorama Shield; Toray Inc., Tokyo.Japan) (Fig. 5 ) and the protective aprons for the neck and body with a lead equivalent of 0.25 mm (Kyokko Apron; Kasei Optonix, Odawara, Japan) (Fig. 6 ) were used to measure the effects of dose reduction.
RESULTS
DOSE AT THE OPERATOR'S HANDS
Hand dose was converted from the absorbed close to 70-tim dose equivalent, which is the tissue dose equivalent for the skits (Table 1) . When protective gloves were not worn within the direct beam, the dose equivalent rate was 1.150 ± 0.036 mSv/s (mean ± standard deviation). When gloves were worn, the value was reduced to 75%, 0.862 ± 0.038 mSv/s. When a needle-holder was used (with the hands 4cm outside the beam), the dose equivalent rate was 0.024 ± 0.000 mSv/s without gloves, and was further reduced to 79%, 0.019 ± 0.001 rnSv/s, with gloves. If protective gloves were not worn when a holder was used, the rate was reduced to 2.1%. When both protective gloves and a needle-holder were used, it was reduced to 1.7% compared with the case in which neither was used.
The permissible examination time was investigated with regard to hand exposure. For direct exposure, an examination time of oniy 435 seconds was required to reach the annual dose equivalent limit (500 mSv for the skin). This was increased to 26,300 seconds when both a needle-holder and protective gloves were used (at a point 4 cm from the beam center), arid was 20,800 seconds when a holder was used but gloves were not worn.
DOSEAT THE OPERATOR'S BODY
The exposure doses measured at various parts of the operator's body are shown in Table 2 . With protection, the absorbed dose was reduced to 47% for the lens of the eye, 3.7% for the thyroid gland, 4.5% for the chest, and 0.6% for the gonads, compared with values measured without protection.
From the values in Table 2 , the effective close equivalent was calculated to be 1.60 niSv/s without protective clothing and 0.052 mSv/s with protective clothing. The maximum dose (Fim) was obtained at the abdomen when protective clothing was not worn and at the chest when protective clothing was worn. With protection, the effective dose equivalent was reduced to 3.3%. Based on this value, the permissible examination time was determined. A total time of 31 ,300 seconds was required to reach the annual effective dose equivalent limit (50 mSv) without protective clothing, compared with 962,000 seconds with protective clothing. In a case of the lens of the eye (150 mSv), the permissible examination time was 87,700 seconds without protective glasses and 185,000 seconds with protective glasses.
DISCUSSION
The development of CTF has made it possible to observe CT images in real time, thus improving the accuracy and ease of interventional techniques that are difficult to perform under conventional CT guidance. However, occupational exposure to the operator is unavoidable due to its real-time characteristics. In particular, exposure to the operator's hands from the direct beam has been a major problem in CTF since its introduction. The objective of our study was to evaluate the exposure dose to the operator in a new interventional method employing CTF. In addition, we also investigated whether the exposure dose to the operator could be reduced to within the dose limit recommended by the ICRP because, even though CTF has been demonstrated to be technically feasible, it will not gain widespread acceptance in clinical practice if the exposure dose exceeds the dose limit.
For CTF-guided transthoracic needle biopsy, the scanning conditions generally employed are a tube voltage of 80 kVp and tube current of 30 mA.
The latter is lower than that used for general CT scanning because the total filtration is low, with a half-value layer of 3.45 mm Al, to compensate for the number of photons. Furthermore, the high sensitivity of semiconductor detectors permits scanning to be performed at a low tube current. Images for monitoring interventional procedures must provide adequate contrast between air, soft tissues, and bones, even at the low-exposure doses employed in SEMINARS IN INTERVENTIONAL RADIOLOGY VOLUME 16, NUMBER 3 1999 the chest. As a result, continuous scanning for a maximum of 100 seconds is only possible at a low tube current. The exposure dose per scan is lower than that in general CT scanning. The 1990 ICRP recommendations state that the annual effective dose equivalent limit for medical practitioners is 50 mSv. From this value, the permissible examination time, i.e., the time allowance before reaching the annual effective dose equivalent limit, was calculated to be 31,300 seconds without protective aprons. In addition, as the annual effective dose equivalent limit is 20 mSv averaged over 5 years, the allowable limit is 12,500 seconds. Furthermore, the permissible examination time for hand exposure to comply with the annual tissue dose equivalent limit (500 mSv) was found to be 435 seconds for direct exposure. In the case of the lens of the eye (150 mSv), the permissible examination time was 87,700 seconds without protective goggles. These results show that the dose equivalent limit for the hand is the most severe constraint.
In our previous study,2° the mean duration of CTF in 10 transthoracic needle biopsies without the needle holders was 82 ± 97 (standard deviation) seconds (range: 12-368 seconds). Therefore, if the operator's hand is exposed to the direct beam, the operator would be limited to performing only 5 CTF-guided procedures per year. Therefore, the dose reduction of the operator's hands is indispensable at CTF.
In CT studies, the X-ray beam is precisely collimated, and the exposure dose is dramatically reduced when the object is moved out of the direct beam. Thus, the exposure dose to the operator's hands can be reduced by using a special instrument holder that allows the operator's hands to be moved out of the direct beam. overcome this problem, we have developed acrylic holders which generate virtually no artifacts (Fig.  7) . By using any of the three holders we have designed, the operator's hands are positioned more than 4 cm from the direct beam, and are thus only exposed to scattered X-rays. The tissue dose equivalent to the operator's hands is reduced to 0.024 mSv/s (2A %) from 1.15 mSv/s. In addition, the close can be further reduced by approximately 20% by wearing protective gloves. When both protective gloves and a needle-holder were used, it was reduced to 0.019 mSv/s. In the previous study,20 the mean duration of ClT in 10 transthoracic needle biopsies using the needle-holders was 59 ± 59 seconds (range: 18-224 seconds). Therefore, using a needle-holder and protective gloves, the physician could perform 450 procedures withoui exceeding the dose limit. This seems to be a reasonable limitation in actual clinical practice. Therefore, the use of a needle-holder and protective gloves is considered efkctive for minimizing physician's occupational hand exposure and indispensable in CTF-guided procedures. in conventional CT-guided procedures, the operator receives tactile feedback from the resistance of the needle, but when a needle-holder is used, this feedback might he expected to be reduced, and manipulation of the needle might become somewhat more difficult. Since the success rate fbr the biopsy procedures performed using a needleholder in the 10 cases in the previous study2° was 100%, the instrument was considered to be useful in actual clinical applications. Moreover, no significant differences were found in the duration of CTF scanning between procedures performed using a needle-holder and those performed without a needle-holder. This is presumably clue to the large Standard deviation resulting from significant differences from case to case, since the duration of CTF scanning is strongly influenced by various factors such as the size and location of the lesion, the patient's response, the breath-holding time, the operator's skill, and so on. However, the possible disadvantages with regai-cl to manipulation are more than compensated for by the great advantage of being able to monitor the procedure in real time, which is impossible under conventional CT guidance.
As regards to the exposure to the operator's body, the effective dose equivalent is 1.60 p.Sv/s without protection. A total time of 31,300 seconds was required to reach the annual effective dose equivalent limit, which is much less than the limit for hand exposure. However, as the effective dose equivalent was reduced to 3.3% with protection, the operator should wear the protective aprons.
In this article, the exposure dose was measured only at a tube voltage of 80 kV and a tube current of 30 mA. However, these scanning conditions need to forming nonvascular interventional procedures under CTF guidance. It was confirmed that the dose did not exceed the dose limit specified by the ICRP when adequate protective measures were taken.
